The regulation of the necrotic death and its relevance in anticancer therapy are largely unknown. Here, we have investigated the proapoptotic and pronecrotic activities of two ubiquitin-proteasome system inhibitors: bortezomib and G5. The present study points out that the glioblastoma cell lines U87MG and T98G are useful models to study the susceptibility to apoptosis and necrosis in response to ubiquitin-proteasome system inhibitors. U87MG cells show resistance to apoptosis induced by bortezomib and G5, but they are more susceptible to necrosis induced by G5. Conversely, T98G cells are more susceptible to apoptosis induced by both inhibitors but show some resistance to G5-induced necrosis. No overt differences in the induction of Noxa and Mcl-1 or in the expression levels of other components of the apoptotic machinery were observed between U87MG and T98G cells. Instead, by comparing the transcriptional profiles of the two cell lines, we have found that the resistance to G5-induced necrosis could arise from differences in glutathione synthesis/utilization and in the microenvironment. In particular, collagen IV, which is highly expressed in T98G cells, and fibronectin, whose adhesive function is counteracted by tenascin-C in U87MG cells, can restrain the necrotic response to G5. Collectively, our results provide an initial characterization of the molecular signals governing cell death by necrosis in glioblastoma cell lines.
Introduction
Glioblastomas (GBM) are among the most lethal tumors. In particular, grade IV GBMs (WHO grade 4) are highly recalcitrant to radiotherapies and chemotherapies, exhibiting robust angiogenesis, resistance to apoptosis, and propensity to necrosis. Median survival is about 1 year from the time of diagnosis, and despite great efforts during the last decade, improvement in survival of patients has been modest (1, 2) .
A large body of evidences has established that inhibition of the ubiquitin-proteasome system (UPS) promotes cancer cell death by apoptosis (3) . Food and Drug Administration and European Medicine Agency approval of the UPS inhibitor (UPSI) bortezomib for the treatment of multiple myeloma has validated the UPS as a novel target in anticancer therapy (4) . Isopeptidases are attractive alternative targets of the UPS for developing new antitumor therapies (5) . Isopeptidases can be generally subdivided into deubiquitinating enzymes and ubiquitin-like (Ubl) specific proteases, which, respectively, deconjugate ubiquitin or Ubl molecules, such as SUMO, NEDD8, or ISG15, from target proteins. These enzymes modulate several biological processes through the control of the lifetime, localization, and activity of ubiquitin or Ubl-modified proteins (6, 7) .
We have recently identified two new isopeptidase inhibitors, F6 and G5 (8) . F6 and G5 inhibit isopeptidases by reacting with the sulfhydryl group of the catalytic cysteine (9) . Because the vast majority of ubiquitin and Ubl proteases are cystein proteases (6) , G5 and F6 are rather broad (nonselective) isopeptidase inhibitors (10) .
G5, differently from bortezomib, can induce a necrotic death in cells resistant to apoptosis (11) . Apoptosis resistance and susceptibility to necrosis are distinctive features of GBM (1) . Hence, GBM cell lines represent the ideal model to investigate the pronecrotic activity of G5. In the present study, we have characterized the prodeath activities of bortezomib and G5 in two GBM cell lines and discovered the transcriptome differences that govern the necrotic susceptibility to G5.
Materials and Methods

Reagents
Information on antibodies and reagents is provided in Supplementary Data.
Cell Culture Conditions, Time-Lapse Analysis, Cell Death, and Retroviral Infection
Human GBM cell lines U87MG and T98G, tested by microarray analysis, were grown in DMEM supplemented with 10% fetal bovine serum, penicillin (100 U/mL), glutamine (2 mmol/L), and streptomycin (100 μg/mL) at 37°C in 5% CO 2 atmosphere. U87MG cells expressing mutant p53 and Bcl-xL were generated by retroviral infection (12) , after cloning mutant p53R175H and bcl-xL, respectively, into pWZL-hygro and pWZL-Neo retroviral vectors.
For studying the role of extracellular matrix (ECM) on G5-induced necrosis plates were coated with fibronectin, collagen IV, or bovine serum albumin (10 μg/mL). Cells were seeded at 15 × 10 4 /mL and were then allowed to adhere for 6 h at 37°C before treatments. In all trypan blue exclusion assays, 400 cells, from three independent samples, were counted for each data point.
Western Blotting Proteins obtained after an SDS denaturating lysis and sonication were transferred to a 0.2-μm-pore-sized nitrocellulose membrane and incubated with the specific primary antibodies. After several washes, blots were incubated with peroxidase-conjugated goat anti-rabbit or goat antimouse (Euroclone Milano I) for 1 h at room temperature. Finally, blots were developed with Super Signal West Pico, as recommended by the vendor (Pierce).
RNA Expression Array and Data Analysis
Total RNA was isolated using TRIzol (Invitrogen) according to manufacturer's instructions, and purified with the RNeasy Mini kit (Qiagen). A 6-μg-amount of each total RNA sample was labeled according to the standard onecycle amplification and labeling protocol (Affymetrix). Hybridization and analysis methods are detailed in the Supplementary Data.
Results
Death of GBM Cells in Response to G5 and Bortezomib
To study the prodeath activities of bortezomib and G5, we selected two GBM cell lines: T98G cells, mutated for p53, and U87MG cells, wild-type for p53 (13) . Cells were treated with different concentrations of the drugs, and cell death was analyzed 20 hours later. Both compounds similarly induced the accumulation of polyubiquitinated proteins (data not shown).
Dose-dependent studies showed that U87MG cells are more prone to die in response to G5 compared with T98G cells (Fig. 1A) . Incubation with 10 μmol/L of G5 elicited death in >90% of U87MG cells, whereas death was around 40% in T98G cells. In particular, in T98G cells, death was only marginally increased, despite dose escalation from 2.5 up to 10 μmol/L of G5. Surprisingly, bortezomib achieved an opposite effect. U87MG cells were more resistant to cell death (∼30% of dead cells after incubation with 10 μmol/L of bortezomib), whereas T98G cells were more sensitive (>80% of death under the same conditions).
Next, we evaluated caspase-3 and caspase-7 activities (DEVDase). In cells treated with bortezomib, there is a perfect correlation between the DEVDase activity and the appearance of cell death (Fig. 1B) . During the time of the analysis in the responsive T98G cells, bortezomib activates caspases and induces cell death, whereas in U87MG cells caspase activity is negligible.
In response to low doses of G5 (0.6 and 1.25 μmol/L), caspase activity parallels the induction of death in both cell lines (Fig. 1B) . On the contrary, at higher doses of G5 (5 and 10μmol/L) that promptly kills U87MG cells, caspase activity declines.
To confirm the pattern of caspase activity, we investigated caspase-2 and HDAC4 proteolytic processing by immunoblots. As shown Fig. 1C and D, cleavages of HDAC4 and caspase-2 in response to different doses of G5 or bortezomib can be superimposed to the DEVDase activities shown in Fig. 1B . In particular, higher doses of G5 suppressed caspase-2 and HDAC4 processing in U87MG cells. Analogous results were acquired when caspase-3 processing was investigated by immunoblot (data not shown).
G5 Induces a Caspase-Independent Necrotic Death in Apoptosis-Resistant U87MG Cells
The progressive decline of caspase activities observed in U87MG cells treated with escalating doses of G5 is reminiscent of a caspase-independent necrotic death. To prove this hypothesis, we evaluated the ability of a pan-caspase inhibitor to influence death of U87MG and T98G cells in response to G5 or bortezomib.
The caspase inhibitor did not influence death of U87MG cells in response to G5, whereas cell death in response to bortezomib was partially impaired ( Fig. 2A, top) . In T98G cells, bortezomib-induced death was strongly affected by the caspase inhibitor, whereas death in response to G5 was inhibited to some extent ( Fig. 2A, bottom) . These results suggest that death in U87MG cells is prevalently caspase independent (necrotic), whereas in T98G cells it is prevalently caspase dependent (apoptotic).
Apoptosis in response to proteasome inhibition requires the synthesis of new proteins such as the BH3-only Noxa (3). Figure 2B shows that G5-induced death in T98G cells was inhibited by the protein synthesis inhibitor CHX, whereas the same treatment was ineffective in preventing death of U87MG cells. This result further suggests that G5 induces different types of death in U87MG and T98G cells.
High concentrations of the redox cycling quinone DMNQ can induce necrosis and kill cells mutated for Bax and Bak (11) . G5 diverges from DMNQ because it can induce necrosis without eliciting oxidative stress. To understand whether U87MG cells are in general more prone to die by necrosis, we assessed cell death in response to DMNQ and G5 treatments. Figure 2C illustrates that U87MG cells are more prone to die in response to G5 compared with DMNQ, whereas T98G cells, on the opposite, are more prone to die in response to DMNQ. These data indicate that U87MG cells are highly susceptible to G5-induced necrosis but resistant to a redox-dependent necrotic insult.
Finally, the induction of necrosis in U87MG cells was unambiguously proved by time-lapse epifluorescence microscopy in living cells, which discriminates the appearance of necrosis, apoptosis, and secondary necrosis as a consequence of apoptosis ( Supplementary Fig. S1 ).
Expression of Bcl-2 Family Members in Response to G5 or Bortezomib Treatments
The delicate balance among Bax and Bak proteins and their antagonists, Bcl-2, Bcl-xL, and Mcl-1, dictates the apoptotic susceptibility to UPSIs (3). Hence, we investigated Bcl-2, Bcl-xL, Mcl-1, Bax, and Bak levels in U87MG and T98G cells treated with bortezomib or G5. We also analyzed expression levels of direct (p53) and indirect (the BH3-only protein Noxa) targets of bortezomib and G5. Since certain Bcl-2 family members are cleaved and downregulated by caspases, as an effect of the amplificatory mechanisms (14) , to avoid massive caspase activation, incubations were done for limited times and with low concentrations of G5 or bortezomib.
Overall Bcl-2, Bcl-xL, Bax, and Bak were similarly expressed in the two GBM cell lines (Fig. 3A) . Only minor differences can be observed. Bak and Bcl-xL levels were increased in T98G cells, whereas Bcl-2 and Bax were augmented in U87MG cells. Mcl-1 and Noxa were similarly induced by G5 and bortezomib treatments in both cell lines, and as expected, p53 was stabilized only in U87MG cells, but here again at comparable levels by the two inhibitors.
The only exception concerned the downregulation of Bcl-xL levels in U87MG cells treated with G5. To prove whether the downregulation of Bcl-xL in response to G5 could be important for the manifestation of necrosis, cells overexpressing Bcl-xL were generated by retroviral infection (Fig. 3B) . Moreover, because T98G and U87MG cells differ for the p53 status, we investigated the role of p53 in G5-induced death by producing U87MG cells expressing the hotspot mutation of p53 R175H (Fig. 3B) .
Initially, we verified the ability of mutated p53 and Bcl-xL to modulate apoptosis in response to DNA damage. As recently observed (15), we confirmed that downregulation of wild-type p53 promotes death of U87MG cells in response to DNA-damaging agents. However, the introduced p53 mutant did not influence the necrotic response activated by G5 ( Fig. 3C and D) . Similarly, overexpressed Bcl-xL was able to reduce cell death in response to DNA damage, but it failed in counteracting G5-induced necrosis ( Fig. 3C and D). respectively. Equal amounts of cell lysates were subjected to SDS-PAGE electrophoresis. Immunoblots were done using the indicated antibodies. Tubulin was used as loading control.
Transcriptome Analysis of U87MG and T98G Cells
To understand the gene expression basis of the divergent death responses elicited by UPSIs in U87MG and T98G cells, we compared the gene expression profiles of the two cell lines using Affymetrix GeneChip Human Genome U133A 2.0 Arrays. After statistical test, probe sets with signal intensities displaying over 2-fold difference between the two cell lines were selected. Overall, 2,522 genes appear differentially expressed between U87MG and T98G cells, thus confirming a certain degree of genetic heterogeneity in GBM cell lines, as observed in other gene expression profile studies (16) . The top 20 upregulated and downregulated genes are shown in Table 1 . Many of these genes point to relevant differences in the microenvironment as generated by soluble and insoluble factors secreted by the two cell lines and in the detoxification systems (see also Supplementary Tables S2-4). Although T98G and U87MG cells differ profoundly for the susceptibility to apoptosis in response to UPSIs, expression profile analysis of apoptosis regulators, including inhibitor of apoptosis caspases and Bcl-2 family members, has not revealed overt differences between the two cell lines (Supplementary Table S1 ).
U87MG cells harbor a homozygous deletion of the entire IFNA/IFNW gene cluster and of the IFNB1 gene (17) . The microarray analysis confirmed that the expression of many IFN-induced genes is higher in T98G cells; however, treatment of U87MG cells with IFN-α does not influence cell death induced by G5 or bortezomib (data not shown).
Glutathione Depletion Sensitizes Gliobastoma Cells to G5-Induced Death Genes regulating oxidative stress (GSTM3, PXDN, and GPX3) are among the 20 highest differentially expressed genes in T98G compared with U87MG cells (Table 1) . We also analyzed in detail the expression levels of genes involved in glutathione (GSH) synthesis and use (Supplementary Table S2 ). In particular, T98G cells express higher levels of GSH transferase M3 (GSTM3) and of glutamate-cysteine ligase (GCLC) transcripts, whereas U87MG express other GSH S-transferase (GST) isoforms. Differences in the expression levels of the GST enzymes were also confirmed by affinity purification and by measuring enzymatic activities (Supplementary Fig. S2 ).
GSTs are crucial enzymes in the detoxification process, catalyzing the nucleophilic attack of GSH on toxic electrophilic substrates (18) . De novo GSH synthesis is governed by γ-glutamylcysteine synthetase, a heterodimer constituted by a catalytic subunit (GCLC) and a modulatory subunit (GCLM; ref. 19 ).
The GSH system can modulate chemoresistance (20, 21) ; hence, differential detoxification abilities between the two cell lines could explain the resistance to G5-dependent necrosis observed in T98G cells. To answer this question, cells were depleted of GSH, by pretreatment with buthionine sulfoximine (BSO), a selective inhibitor of γ-glutamylcysteine synthetase (22) . The appearance of death was then analyzed in response to G5 or bortezomib.
As shown in Fig. 4A , in agreement with previous studies (23), GSH depletion does not induce cell death. However, when GSH-depleted cells were treated with G5, cell death was similarly augmented in T98G and U87MG cells. On the contrary, cell death induced by bortezomib was unaffected by BSO treatment.
Next, we evaluated whether the death of T98G cells in the presence of BSO was still caspase dependent. As shown in Fig. 4B , in response to 2.5 μmol/L of G5, death of T98G cells was caspase dependent, whereas at 10 μmol/L, it was largely caspase independent. Caspase inhibitors failed to block apoptosis induced by 2.5 μmol/L of G5 when BSO was present. As observed in other models (24) , caspase inhibitors augmented necrosis in response to 10 μmol/L of G5, possibly by suppressing autophagy (25) . Finally, as described before (Fig. 2) , death of U87MG was largely caspase independent.
The Extracellular Environment Modulates the Susceptibility to Necrosis
The most prominent group of highly differential expressed genes between U87MG and T98G cells comprises components of the microenvironment, including elements of the ECM (Supplementary Tables S3 and S4; Table 1 ). Transcripts for thrombospondin (THBS1), collagen type III, IV, and XVIII (CL3A1, COL18A1, and COL4A1) are the top highest expressed ECM components in T98G cells (Supplementary Table S4 ). Transcripts for osteopontin (SPP1), mesotypsin (PRRS3), tenascin C (TNC), and collagen I (COL1A) are the top highest expressed ECM components in U87MG cells (Supplementary Table S3 ). Differential expression of TNC and collagen IV in U87MG and T98G cells was validated at protein levels ( Fig. 5A and B) .
We have recently shown that ECM components collagen and fibronectin can counteract G5-dependent necrosis (11) . Therefore, different types of ECM, as produced by the GBM cell lines, could influence the susceptibility to G5-induced necrosis. To answer this question, U87MG and T98G cells were plated on fibronectin, collagen IV, or on bovine serum albumin-coated Petri dishes and next treated with G5. Figure 5C illustrates that collagen IV and fibronectin can counteract the necrotic response to G5 in U87MG cells. Añ 40% reduction in necrosis is manifested by both ECM components in U87MG cells treated for 24 hours with 10 μmol/ L of G5. Death of T98G cells was less influenced by fibronectin and collagen IV (Fig. 5D) , presumably because it is also apoptotic. An~30% reduction with collagen IV and a 22% reduction with fibronectin were observed in the presence of high concentrations of G5.
Discussion
Apoptosis and necrosis represent the most common forms of cell death. Traditionally, apoptosis is considered a form of regulated cellular mechanism in contrast to necrosis, which is described as a form of passive death. Necrosis appears when cells suffer excessive stresses that finally cause the rupture of the plasma membrane and the spillage of cellular macromolecules, which act as proinflammatory signals (26, 27) . More recent data have challenged this view and the existence of regulated forms of necrosis is becoming evident (27, 28) . Apoptosis U87MG cells show resistance to apoptosis but they are susceptible to die by G5-induced necrosis. In contrast, T98G cells are susceptible to die by apoptosis in response to both inhibitors but show some resistance to G5-induced necrosis. Interestingly, a difference in the apoptotic response to bortezomib, between these cell lines, can also be appreciated from previous studies (29, 30) .
Our data do not disclose robust alterations in the expression or modulation of components of the apoptotic machinery between T98G and U87MG cells. Bax and Bak, which are necessary for apoptosis in response to UPSIs (11) , are similarly expressed in the two cell lines. Noxa and Mcl-1, two Bcl-2 family members under the regulation of UPSIs, are alike induced by the two insults. Moreover, expression profile studies did not evidence overt differences in the expression levels of Bcl-2 family members, caspases, and inhibitors of apoptosis. Moreover, we noted that bortezomib failed to induce mitochondrial outer membrane permeabilization in U87MG cells. 3 Hence, it is possible that other mechanisms, acting upstream of mitochondria, are responsible for the divergences in the apoptotic responsiveness.
Necrosis U87MG cells are susceptible to G5-induced necrosis, whereas T98G cells show some resistance. This necrotic susceptibility was specific for G5. In fact, in response to oxidative stress, T98G cells were more prone to die by necrosis compared with U87MG cells, thus ruling out that U87MG cells are in general more susceptible to necrosis. This observation indicates that cells can activate different necrotic responses.
G5 triggers the upregulation of wild-type p53 and downregulation of Bcl-xL in U87MG cells. However, neither of these two proteins can modulate the necrotic response to G5.
Combining expressional profile studies and functional studies has permitted to disclose that differences in the necrotic responsiveness could arise from diversity in the GSH detoxification system and in the microenvironment and, in particular, in the type of ECM proteins.
U87MG and T98G cells differ profoundly for the classes of GST enzymes expressed. GSTM3 is abundantly expressed in T98G cells, and also, the γ-glutamylcysteine synthetase is expressed at higher levels in this cell line. Depletion experiments have indicated that GSH can modulate at least two events: (a) the rate of cell death in response to G5, possibly by G5 detoxification, (b) the decision about the particular type of death in response to G5, necrosis versus apoptosis.
Depending on the cellular context and the death insult, GSH depletion can synergize to induce apoptosis, necrosis, or can also switch the mode of death versus necrosis (20, 31, 32) . GSH depletion can generate reactive oxygen species, increase the irreversible oxidation of cysteine residues, Figure 4 . GSH depletion modulates cell death in response to G5 and the apoptotic/necrotic switch. A, U87MG or T98G cells were pretreated with BSO for 24 h. Next, G5 or bortezomib were added for further 24 h. Cell death was scored by trypan blue staining [columns, mean (n = 3); bars, SD]. *, P < 0.05. B, U87MG or T98G cells were pretreated with BSO for 24 h followed by 1 h of pretreatment with zVAD.fmk (100 μmol/L). Next, G5 or bortezomib was added for further 24 h as indicated. Cell death was scored by trypan blue staining [columns, mean (n = 3); bars, SD]. *, P < 0.05. and can also influence the formation of protein-GSH mixed disulphides (S-glutathionylation; ref. 23 ). However, because the cotreatment with BSO and G5 failed to elicit oxidative damage in T98G cells ( Supplementary Fig. S2C ), something different from ROS generation should be evoked to explain the shift toward necrosis.
Interestingly, recent data have shown that S-glutathionylation of Fas increases its accumulation in lipid rafts and strengthens the death signal (33) . Because G5 engages the extrinsic pathway to induce apoptosis (8, 11) , we hypothesize that a reduction in S-glutathionylation of Fas could promote the appearance of necrosis in T98G cells treated with G5.
We also found that the microenvironment, as generated through the secretion of ECM components, differs profoundly between T98G and U87MG cells.
Interestingly, gene expression profile studies in brain tumors in comparison with normal brain tissue have revealed that GBMs overexpress genes of the microenvironment, including growth factor-related and structural/ECM-related genes (34) (35) (36) . Differences in the microenvironment mark also different subtypes of GBMs. Primary GBMs with respect to secondary GBMs express genes characteristic of mesenchymal-derived tissues and stromal response (36, 37) .
Among ECM genes highly expressed in the necrosisresistant T98G cells, a consistent group was also identified as more expressed in primary GBM compared with normal brain tissue (38) . This list includes COL3A1, COL4A1, POSTN, COL4A2, LAMB1, and MGP (38) . COL4A1 and COL4A2 were also more expressed in primary GBMs with respect to secondary GBMs (36, 37) . On the contrary, this list was extremely reduced in U87MG cells including only TNC and TIMP1 genes.
Protection from G5-induced necrosis can be elicited in U87MG cells after adhesion to ECM. Adhesion to collagen IV, which is more expressed in T98G cells or to exogenousadded fibronectin, significantly rescued cells from death. It is important to note that, although tenascin C (Tnc) enhances proliferation of glioma cells, it also inhibits cell spreading on fibronectin (39) . This effect explains the antinecrotic role of exogenously added fibronectin, which can compete with the high levels of Tnc secreted by U87MG cells to promote adhesion. A role confirmed after the downregulation of Tnc expression by siRNA transfection, which, similarly to fibronectin addition, reduced G5-induced necrosis in U87MG cells (Supplementary Fig. S3) .
We have recently shown that G5 can trigger necrosis in apoptotic-resistant cells (11) . This necrotic death was likewise inhibited by adhesion to ECM. G5-induced necrosis was independent from common necrotic regulators such as oxidative stress, calcium, c-Jun-NH 2 -kinase, and RIP1. Instead, it is characterized by an early and dramatic reorganization of actin cytoskeleton. We have similarly noted that G5 triggers dramatic changes in actin organization in U87MG but not in T98G cells. Before the appearances of necrotic markers, cells reduce actin projections, become polygonal, and next, with time, they eventually round up and detach (see Supplementary Fig. S4 ). The impact of G5 on actin dynamics and cell adhesion was corroborated by the diminished random migration scored in U87MG cells treated with low doses of G5 (see Supplementary Fig. S5 ). In the future, to define this necrotic pathway in more detail, it will be important to exclude off-target effects of G5, possibly through the development of more specific isopeptidase inhibitors.
Necrotic deaths that rely on microfilament/adhesion changes, as in the case of G5, have been recently observed (40) . Necrotic death of lymphocytes, in response to mycophenolic, which involves Rho-GTPase Cdc42 activity and actin polymerization, shares some features with G5. In fact, it is Bcl-2, c-Jun-NH 2 -kinase, and RIP independent (41) .
Despite aggressive approaches, treatment of GBM patients represents an ongoing challenge (1, 2) . Characterization of new necrotic pathways is important to overcome the resistance to apoptosis typical of GBMs. In addition, considering the necrotic propensity of GBMs, understanding the molecular mechanisms that govern necrosis is instrumental to design new therapeutic treatments. By characterizing the death response of GBM cell lines to G5 and bortezomib, we have provided a contribution to these important issues.
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